Abstract NCCN guidelines recommend genetic testing for all triple-negative breast cancer (TNBC) patients aged B60 years. However, due to the lack of prospective information in unselected patients, these guidelines are not uniformly adopted by clinicians and insurance carriers. The aim of this study was to determine the prevalence of BRCA mutations and evaluate the utility of NCCN guidelines in unselected TNBC population. Stage I-IV TNBC patients were enrolled on a prospective registry at academic and community practices. All patients underwent BRCA1/2 testing. Significant family history (SFH) was defined[1 relative with breast cancer at age B50 or C1 relative with ovarian cancer. Mutation prevalence in the entire cohort and subgroups was calculated. 207 TNBC patients were enrolled between 2011 and 2013. Racial/ethnic distribution: Caucasian (80 %), African-American (14 %), Ashkenazi (1 %). Deleterious BRCA1/2 mutations were identified in 15.4 % (32/ 207) of patients (BRCA1:11.1 %, BRCA2:4.3 %). SFH reported by 36 % of patients. Mutation prevalence in patients with and without SFH was 31.6 and 6.1 %, respectively. When assessed by age at TNBC diagnosis, the mutation prevalences were 27.6 % (B50 years), 11.4 % (51-60 years), and 4.9 % (C61 years). Using SFH or age B50 as criteria, 25 and 34 % of mutations, respectively, were missed. Mutation prevalence in patients meeting NCCN guidelines was 18.3 % (32/175) and 0 % (0/32) in patients who did not meet guidelines (p = .0059). In this unselected academic and community population with negligible Ashkenazi representation, we observed an overall BRCA mutation prevalence rate of 15.4 %. BRCA testing based on NCCN guidelines identified all carriers supporting its routine application in clinical practice for TNBC.
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Introduction
Inherited mutations in BRCA1 and 2 are associated with an extraordinarily high risk of breast and ovarian cancers [1] [2] [3] . Women who harbor deleterious mutations in BRCA1 and 2 are faced with difficult, but potentially life-saving preventive strategies, such as prophylactic surgery and/or chemoprevention with anti-estrogen therapies. Furthermore, in addition to being important for preventive counseling regarding second malignancies, BRCA genotyping information also has the potential to aid in guiding therapy. Preclinical and preliminary clinical studies suggest that germline BRCA mutation-associated breast and ovarian cancers are more sensitive to DNA-damaging therapies, such as the platinum salts and poly(adenosine diposphateribose) polymerase (PARP) inhibitors [4] [5] [6] [7] [8] [9] [10] . Taken together, these considerations emphasize the importance of knowing the germline BRCA1/2 mutation status. However, due to low prevalence of BRCA mutations in unselected breast cancer patients and expense associated with testing, routine BRCA germline testing is not recommended for all women with breast cancer [11] [12] [13] . Rather, recommendations for genetic testing are based on algorithms that utilize risk factors like family history, ethnicity, and age at diagnosis of breast cancer to identify women deemed appropriate for testing. In addition to these conventional risk factors, the intrinsic phenotype of the breast cancer can also impact the probability of finding BRCA mutation. Compared to other subtypes of breast cancers, the population of women with estrogen receptor (ER), progesterone receptor (PR), and ERBB2 (HER2) negative (Triple-negative) breast cancer is enriched for germline BRCA mutations [14] [15] [16] [17] [18] [19] [20] . However, the published literature shows a wide variation in the prevalence of germline BRCA mutations in triple-negative breast cancer (TNBC) patients with reported rates varying from 10-42 % [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The majority of these prior studies evaluated BRCA mutations in either high-risk cohorts (selected by family history, age, or ethnicity) or were based on subsets of patients from tissue banks/clinical practices explaining this variability in the reported prevalence rates.
In light of this variability, governing organizations have not uniformly incorporated the intrinsic subtype of TNBC as an independent criterion in hereditary breast and/or ovarian cancer syndrome (HBOC) testing guidelines (Table 1) . For example, the National Comprehensive Cancer Network (NCCN) guidelines recommend genetic risk assessment of all TNBC patients and HBOC testing for all TNBC patients aged B60 years regardless of family history [24] . However, the European Society of Medical Oncology (ESMO) guidelines do not specify triple-negative phenotype as a criterion for BRCA mutation testing, but suggest that consideration of triple-negative phenotype in women younger than 50 years may be a cost effective strategy [12, 23, 25] . The National Institute for Health and Care Excellence (NICE) guidelines also do not specify the triple-negative phenotype as a criterion for testing and recommends testing if BRCA mutation carrier probability is [10 % [11] . Lack of prospective information on prevalence of BRCA mutations in unselected TNBC patients is one of the reasons underlying the variability in recommendations and adoption of these recommendations by providers and insurance carriers [18, 26] . In 2011, we initiated a multisite prospective registry of TNBC patients [27] . All patients signed a written informed consent. Patients were eligible to participate if they were within five years of diagnosis of TNBC regardless of age at diagnosis of TNBC and family history of breast/ovarian cancer. Appropriate treatment of the TNBC as directed by individual patient's clinicians was recommended.
Detailed family history, demographic, and clinical information were collected. Both Medicare and NCCN guidelines recommend HBOC testing for breast cancer patients with C1 close blood relative (first-second-or third-degree relative) with breast cancer at age B50 years or C1 close blood relative with epithelial ovarian cancer at any age. Thus, we defined significant family history (SFH) as C1 close blood relative (first-second-or third-degree relative) with breast cancer at age B50 years or C1 close blood relative with epithelial ovarian cancer at any age. Positive family history (FH) was defined as a report of any blood relative with breast or ovarian cancer at any age. Limited family structure was defined as B2 two first or second-degree female relatives or female relatives surviving C45 years in either lineage (definition used by Medicare and NCCN HBOC testing guidelines). The 2013, NCCN guidelines were applied to all patients. NCCN guidelines recommend HBOC testing for all patients with TNBC diagnosed at age B60 and for patients with TNBC diagnosed at age [60 in the presence of appropriate FH of other cancers (www.nccn.org).
Testing for germline BRCA mutations: All patients underwent comprehensive BRACAnalysis Ò (Myriad Genetic Laboratories, Inc.). Patients who had already completed BRCA testing prior to enrollment were also eligible to participate regardless of the BRCA testing results. For patients who completed BRCA testing after enrollment, the study covered the cost of testing in the event of lack of insurance coverage. Fifty-four percent (112/207) of patients underwent large genomic rearrangement (BART) testing. Appropriate genetic counseling as per standard clinical guidelines was recommended.
Statistical analysis
Study data were collected and managed using Research Electronic Data Capture (REDCap) version 5.3.4 hosted at The University of Kansas Medical Center [28] . REDCap is a secure, web-based application designed to support data capture for research studies. Data analyses were conducted using R version 3. Descriptive statistics were generated, including median, minimum and maximum values for age at TNBC diagnosis, and frequencies and relative frequencies (percentages) for categorical measures. The Kruskal-Wallis test was used to compare the distributions of age at diagnosis across BRCA mutation groups (no mutation, BRCA1, or BRCA2) followed by pairwise comparisons using the Wilcoxon rank sum test. Bivariate analyses of categorical measures used Pearson's Chi-square test, or alternatively Fisher's exact test when some table cells had expected counts less than five. Proportions and corresponding 95 % Wald confidence intervals (CIs) were generated. To assess the impacts of age at TNBC diagnosis and SFH on the probability of a TNBC subject carrying a deleterious BRCA1 or BRCA2 mutation, unconditional logistic regression was used. Age at diagnosis was treated as continuous, and we tested for a possible interaction between these two explanatory measures in our model. Model assessment included visual inspection of observed versus expected plots as well as the HosmerLemeshow goodness-of-fit test. Predicted probability curves and corresponding point-wise 95 % confidence bands from the resulting model were presented.
Results

Study population
Two hundred eleven (211) patients with stage I-IV TNBC were enrolled from March 2011 to June 2013. There was a high patient uptake for participation with 211 out of 227 (93 %) TNBC patients seen during this time frame at the participating sites enrolled. Since BRCA testing results were pending for four patients, the total sample size for analysis was 207 subjects (Supplementary Figure 1) . Table 2 BRCA testing information was available prior to enrollment for 37 % (77/207) of patients and the remaining 63 % (130/207) underwent testing after enrolling in the study. The median time from diagnosis of TNBC to completion of BRCA testing for the study cohort was 3.5 months (range 1-98 months).
Mutation prevalence
Deleterious BRCA1 mutations were identified in 11.1 % (23/207) and deleterious BRCA2 mutations in 4.3 % (9/ 207) of patients giving an overall prevalence rate of 15.4 % (32/207). No patients harbored both deleterious BRCA1 and BRCA2 mutations. Variants of uncertain significance were identified in 3.4 % (7/207) of patients. Large genomic rearrangement testing was not available for subjects who had completed BRCA testing prior to enrollment and in subjects enrolled during the first 12 months of the study thus, is available for only 54 % (112/207) of the study cohort. Large rearrangement mutation in BRCA1 was identified in two African-American patients. The above mentioned 11.1 % BRCA1 mutations include the two large rearrangement mutations. Patients with a deleterious BRCA1 mutation were younger at TNBC diagnosis compared to patients without a deleterious BRCA mutation (median age 40.2 vs. 55.7 years p \ 0.0001). No differences in age at TNBC diagnosis were detected between patients with a deleterious BRCA2 mutation and patients without a deleterious BRCA mutation (median age 51.0 vs. 55.7 years, p = 0.14).
Mutation prevalence and other factors Table 3 describes the mutation prevalence by age at diagnosis, FH, accrual location, and NCCN guidelines. Mutation prevalence was higher in younger patients and patients with any FH. When assessed by age at TNBC diagnosis, the BRCA mutation prevalence in patients B50 years, 51-60 years, and C61 years was 27.6, 11.4, and 4.9 %, respectively (p = 0.0007). BRCA mutation prevalence in patients with and without any FH was 21.1 and 6.3 %, respectively (p = 0.0043), and in patients with and without a SFH was 31.6 and 6.1 %, respectively (p = \0.0001). Mutation prevalence in patients with limited family structure was 10 % (3/30). There was a trend toward higher mutation prevalence in the patients accrued at the academic site compared to community sites (prevalence of 19.0 vs. 10.5 % p = 0.094). However, patients accrued at the academic site were younger and more likely to report a SFH (data not shown). BRCA mutation prevalence in patients who underwent testing prior to and after enrollment was 29 and 8 %, respectively (p = 0.001). However, patients tested before enrollments were younger and more likely to report SFH compared to patients tested after enrollment (data not shown).
Age at TNBC diagnosis, family history, and probability of BRCA mutation In the multivariable model, a priori effects of age at diagnosis and SFH were investigated. Both age at diagnosis and SFH were highly significant predictors of mutation status (p \ 0.0001 for both). A test for a significant interaction between these effects resulted in p = 0.1927; thus only these main effects were included in the model. Consistent with the visual model diagnostics, no significant lack-of-fit by the Hosmer-Lemeshow goodness-of-fit test was detected (p = 0.09). The resulting modeled probability of carrying a BRCA mutation versus age at diagnosis of TNBC stratified by SFH is presented in Fig. 1 . For a patient with a SFH and a TNBC diagnosis at age 51, our model estimated a 29.5 % (95 % CI 19.5-42.0 %) probability of BRCA mutation compared to 5.3 % (95 % CI 2.4-11.0 %) probability if TNBC diagnosis at age 51 and absence of SFH. 
Discussion
In this prospective academic and community-based TNBC cohort with negligible Ashkenazi representation, we observed an overall deleterious BRCA mutation prevalence rate of 15.4 %. Our study has several strengths including a sizable cohort of patients who were unselected for age/FH, a good representation of academic and community practices and availability of BRCA1 and BRCA2 mutation testing regardless of insurance coverage. Furthermore, detailed collection of FH allowed us to interrogate the performance and validity of various clinical guidelines in capturing BRCA mutations. We found that utilization of the NCCN testing guidelines detected all deleterious BRCA mutations in our study cohort.
Previously published literature shows a wide variation in the prevalence of germline BRCA mutations in TNBC patients with reported rates varying from 10 to 42 % [14, 15, [17] [18] [19] [20] . Some previous studies that reported a higher prevalence (24-34 %) of BRCA mutation in TNBC patients were either done in predominantly Ashkenazi Jewish populations or were focused on young TNBC patients presenting to cancer genetics clinics [14, 16, 17] . Our cohort comprised only two Ashkenazi patients and was not selected based on age and/or FH. Our findings of higher prevalence in younger patients and those with SFH are in agreement with these prior reports. Our findings of mutation rates of 10.5 % in community and 19 % in academic subpopulations are also in agreement with prior reports from community and academic practices [18, 19] . The higher mutation prevalence observed in the academic compared to community practices is likely driven by patient characteristics. This was supported by our observation of academic cohort being younger with more FH compared to the community cohort. This study also provides important insights into the current state of financial insurance coverage for HBOC testing in TNBC. Insurance coverage for BRCA testing was denied for a significant proportion (26 %) of eligible patients, and 16 % percent of the deleterious BRCA mutations in our study cohort would have been missed if patients without insurance coverage were not tested. Thus, financial constraints and insurance coverage remain a challenge for appropriate utilization of BRCA testing in the clinical setting. The majority (91 %) of our cohort meet the current ASCO/ CAP ER/PR negativity criterion (\1 %). Our observation of 22 % BRCA mutation prevalence in the subgroup of patients with low (1-5 %) ER/PR is interesting and warrants further study. If confirmed in other studies, perhaps more liberal ER/PR IHC criterion may have to be applied for TNBC definition when making recommendations for BRCA testing.
The detailed collection of demographics and FH allowed us to stratify the prevalence of BRCA mutations based on age and FH and evaluate various BRCA testing guidelines used in clinical settings. As expected, the probability of carrying a BRCA mutation decreased with age of diagnosis. Modeling based on age and FH suggested that even in the older patients presence of FH significantly increased the risk of BRCA mutation. Even though FH and age were important predictors, onequarter and one-third of the deleterious BRCA mutations would have been missed using SFH or age B50, respectively, as criteria alone for BRCA testing. When both SFH and age B50 were used, 12.5 % of mutation carriers were still missed. The 2013, NCCN guidelines Fig. 1 Probability of carrying BRCA mutation by age at TNBC diagnosis and significant family history were the only criteria that identified all BRCA1/2 mutation carriers in our cohort.
Although this is one of the largest studies addressing the prevalence of BRCA mutations in TNBC patients unselected for FH and age of TNBC diagnosis, we acknowledge that the sample size of 207 subjects is modest and represents a limitation of this study. Another potential limitation of our study is an under-representation of Ashkenazi Jewish patients. However, the prevalence of BRCA mutations in TNBC patients with Ashkenazi Jewish ethnicity has previously been reported, and BRCA testing is routinely recommended for all patients of Ashkenazi Jewish ancestry with breast cancer [16, 17] . The mutation prevalence of 15 % in a predominantly non-Ashkenazi Jewish TNBC population is a relevant clinical finding, and we would argue that this constitutes a strength and not weakness of our study. Another limitation of our study is that large genomic rearrangement testing was not available for the entire study cohort. Fifty-four percent of our study population underwent large genomic rearrangement testing and only two women were noted to have a deleterious BRCA1 mutation. A recent study by Hartman and colleagues also reported a very low prevalence (0.5 %) of BRCA large genomic rearrangement in 199 TNBC patients [19] . Thus, lack of large rearrangement testing for the entire cohort may have caused some underestimation of BRCA mutation prevalence, and efforts are currently underway to complete large rearrangement testing for the whole study cohort. We did not assess prevalence of mutations in other genes (like CHEK2 and PALB1) implicated in HBOC or somatic changes leading to DNA damage repair deficits but these studies are underway. These additional analyses will offer further insight into the underlying defects leading to homologous recombination deficiency in TNBC. In conclusion, in a cohort of TNBC patients who were unselected for age and FH, we observed an overall deleterious BRCA mutation prevalence rate of 15.4 % with a prevalence of 18.3 % in patients who met the NCCN guidelines for HBOC testing. BRCA mutation testing based on current NCCN guidelines identified all carriers in this registry supporting its routine application in clinical practice for patients with TNBC.
